This study investigated the effect of maternal care on adolescent ethanol consumption, sensitivity to ethanol-induced hypnosis, as well as gonadal hormones and γ-aminobutyric acid type-A (GABA A ) systems. Long Evans rat dams were categorized by maternal licking/grooming (LG) frequency into High-and Low-LG mothers. Both female and male offspring from Low-LG rats demonstrated a greater sensitivity to ethanol-induced hypnosis in the loss-of-righting-reflex test at ethanol doses of 3.0 and 3.5 g/kg during late-adolescence (postnatal Day 50) but not at mid-adolescence (postnatal Day 42). However, we found no effect of maternal care on consumption of a 5% ethanol solution in a two-bottle choice test. We further investigated the association between the observed variations in sensitivity to ethanol-induced hypnosis and baseline hormonal levels in males. In male offspring from Low-LG mothers compared to High-LG mothers, baseline plasma corticosterone and progesterone levels were higher. GABA A α1 and δ subunit expressions were also higher in the cerebral cortex of Low-LG males but lower in the cerebellar synaptosomal fraction. Early environmental influences on adolescent sensitivity to ethanol-induced hypnosis, consumption, and preference may be mediated by gonadal hormones and possibly through GABAergic functions.
Conversely, adolescents are known to be less sensitive to ethanolinduced motor-impairing and aversive effects, and are also likely to consume more ethanol during binge episodes compared to adults (Holstein, Spanos, & Hodge, 2011; Logue, Chein, Gould, Holliday, & Steinberg, 2014; Schramm-Sapyta et al., 2010; Serlin & Torregrossa, 2015; Spear, 2013) . Collectively, this evidence suggests that attenuated sensitivity to ethanol-induced hypnosis may be associated with increased ethanol consumption. Therefore, along with understanding factors that modulate adolescent ethanol consumption, it is important to understand how such factors may also influence sensitivity to ethanolinduced hypnosis.
Early-life experiences may modulate adolescent alcohol consumption.
In humans, early-life adversity, particularly during the first few years of life, is associated with early onset of problematic drinking in adolescence, as well as alcohol dependence in early adulthood (see Enoch, 2011 for review).
Likewise, rodent models have demonstrated that early-life maternal deprivation, a critical component of early-life experiences, influences ethanol consumption (see Nylander & Roman, 2013 for review) . However, the results in the rodent models are inconsistent, partly due to variations in their maternal separation model protocols (see Nylander & Roman, 2013 for review) . Therefore, a reliable model of natural variations in maternal care is needed to unravel inconsistent results in studies examining the influence of early-life experience on ethanol consumption. The impact of early-life maternal care on adolescent ethanol consumption, in particular, ought to be investigated.
Early-life maternal care alters endocrine function and reproductive development by programming the functions of the hypothalamicpituitary-gonadal (HPG) and hypothalamic-pituitary-adrenal (HPA) axes (Cameron, 2011; Cameron, Shahrokh, et al., 2008) . In rats, maternal care consists of many behaviors such as nursing, licking and grooming (LG), incubating, and retrieving pups (Stern, 1996) . Of these behaviors, LG has been shown to demonstrate the most variability among Long Evans dams (Champagne, Francis, Mar, & Meaney, 2003) . Manipulations that interfered with the frequency of this behavior have clearly showed that reductions in LG influence neural development (Moore, Dou, & Juraska, 1992) . Such manipulations include the use of a brush to stroke artificially-reared pups, which clearly demonstrated that decreasing the frequency of the tactile component of maternal LG is sufficient to offset negative behavioral and physiological effects of maternal deprivation. (Chatterjee et al., 2007; Jutapakdeegul, Casalotti, Govitrapong, & Kotchabhakdi, 2003; Lenz et al., 2008; Levy, Melo, Galef, Madden, & Fleming, 2003; Suchecki, Rosenfeld, & Levine, 1993) . These include important negative effects on the HPA axis (Jutapakdeegul et al., 2003) .
The LG behavior is also associated with variations in the neuroendocrine system as compared to female offspring of high LG (High-LG) dams, female offspring of low LG (Low-LG) dams have higher progesterone and luteinizing hormone levels during proestrus , as well as higher corticosterone and 17-β-estradiol levels (Amorim et al., 2011; Cameron, 2011; Cameron, Shahrokh et al., 2008) .
Maternal care also influences the timing of reproductive maturity.
Vaginal opening, an indicator of female sexual maturation in rats, also occurs earlier in Low-LG compared to High-LG females (Borrow, Levy, Soehngen, & Cameron, 2013) . However, while the programming of female rats' reproductive development and endocrine function by earlylife maternal care is relatively well characterized, less is known about how the male endocrine function is affected.
Understanding the effect of maternal care on adolescent male endocrine function could provide insight into how maternal care influences sensitivity to ethanol-induced hypnosis. Sensitivity to ethanol-induced hypnosis is significantly modulated by endogenous levels of steroids including corticosterone, gonadal hormones such as progesterone and testosterone, and their metabolites (such as allopregnanolone) (Dazzi et al., 2002; Helms, Rossi, & Grant, 2012; Khisti, VanDoren, O'Buckley, & Morrow, 2003; Morrow, Porcu, Boyd, & Grant, 2006; Sanna et al., 2004) . Ethanol-induced hypnotic, anticonvulsant, and sedative effects correlate with ethanol-induced brain allopregnanolone levels (Khisti et al., 2003; VanDoren et al., 2000) . Both human and rodent studies report that testosterone may influence sensitivity to ethanol-induced hypnosis and ethanol consumption (Apter & Eriksson, 2003; Eriksson, Kaprio, Pulkkinen, & Rose, 2005; Pettersson, Ellsinger, Sjoberg, & Bjorntorp, 1990; Vetter-O'Hagen, Sanders, & Spear, 2011) . Likewise, increased corticosterone levels, either induced by stress (see Meyer, Long, Fanselow, & Spigelman, 2013; Spanagel, Noori, & Heilig, 2014 for review) or exogenously administered (Fahlke, Engel, Eriksson, Hard, & Soderpalm, 1994; Fahlke, Hård, & Hansen, 1996; Fahlke, Hård, Hansen, Eriksson, & Engel, 1995) , enhance ethanol consumption and alter ethanol-induced hypnosis (Fernández et al., 2016; Parker, Ponicsan, Spencer, Holmes, & Johnson, 2008) . Moreover, certain ethanol use-related behaviors are sex-specific, partly due to sexdifferences in gonadal hormone levels (Almeida et al., 1998) .
Gonadal hormone levels also vary across the female estrous cycle (Haim, Shakhar, Rossene, Taylor, & Ben-Eliyahu, 2003) and mediate estrous cycle-dependent variations in ethanol-use related behaviors (Carroll, Lustyk, & Larimer, 2015; Epstein et al., 2006; Ford, Eldridge, & Samson, 2002) . Thus, altering endogenous levels of male progesterone, testosterone, and corticosterone may be a mechanism by which, maternal care modulates sensitivity to ethanol-induced hypnosis.
Both ethanol and neuroactive steroids induce hypnosis primarily by potentiating γ-aminobutyric acid type A (GABA A ) receptor functions (Kumar et al., 2009) . The GABAergic system is the primary mediator of fast inhibition within the central nervous system (Szabadi, 2009) . A fully functional GABA A receptor complex is pentameric, consisting of a selection of five from approximately nineteen known subunits; α (1-6), β (1-3), γ (1-3), δ, ε, ρ, and θ (1-3). The subunit composition of a GABA A receptor complex may determine various characteristics of the receptor such as its location within the brain, cellular localization (synaptic or extrasynaptic), physiological functions (phasic or tonic inhibition), and its kinetic and pharmacological properties (agonist and antagonists) (see reviews Kumar et al., 2009; Lobo & Harris, 2008) . For instance, while α1, β1, β2, β3, and γ1 subunit-containing GABA A receptor complexes are located throughout the brain, α2, α3, α4, α5, α6, γ2, and δ subunitcontaining receptors are more confined to certain brain areas (Pirker, Schwarzer, Wieselthaler, Sieghart, & Sperk, 2000) . Also, while synaptic GABA release triggers phasic currents by activation of low-affinity POPOOLA AND CAMERON | 381 synaptic γ2-containing GABA A receptors, extrasynaptic δ-containing receptors mediate tonic current and are activated by low GABA concentrations that spill over to the extrasynaptic space (Brickley & Mody, 2012; Carver & Reddy, 2013) . Of particular interest for the present study, the GABA A α1 and δ subunit-containing receptors reportedly play significant roles in mediating the effects of sedativehypnotic drugs such as ethanol and neuroactive steroids (Blednov, Jung et al., 2003; Helms et al., 2012; Orser, 2006; Smith, Shen, Gong, & Zhou, 2007; Zheleznova, Sedelnikova, & Weiss, 2008) . Additionally, both the cerebellum and cerebral cortex are strongly associated with ethanolinduced hypnosis (Kashiwabuchi et al., 1995; Kumar et al., 2012) .
Interestingly, natural variations in maternal LG regulate GABA A receptor subunit genes and protein expressions in a brain region-and receptor subunit-dependent manner (Caldji, Diorio, & Meaney, 2003) . These results collectively suggest an association between maternal care and ethanol-induced hypnosis via variations in GABA A receptor expression.
Based on these findings, we hypothesized that Low-LG will result in increased adolescent ethanol consumption and will modulate sensitivity to ethanol-induced hypnosis. Furthermore, we also hypothesized that these behavioral effects will be mediated, at least in part, by higher gonadal hormone levels in Low-LG rats that will emerge at late-adolescence due to accelerated gonadal maturation. To test these hypotheses, we employed a well-established model of characterizing natural variations in early-life maternal care (Champagne et al., 2003; Popoola, Borrow, Sanders, Nizhnikov, & Cameron, 2015) to investigate the influence of maternal care on ethanol use-related behaviors during mid-adolescence (PND 42) and lateadolescence (PND 50). Experiment 1 assessed the influence of maternal care on adolescent ethanol consumption and preference, and sensitivity to ethanol-induced hypnosis in female rats, while experiment 2 assessed these behaviors in male rats. Experiment 3, further examined male offspring by characterizing maternal carerelated differences in plasma testosterone, progesterone, and corticosterone levels during mid-adolescence and late adolescence.
Experiment 4 was based on a maternal care-related difference in sensitivity to ethanol-induced hypnosis at PND 50 that we observed in Experiment 2. Thus, in this experiment we examined differences in GABA A receptor α1 and δ subunit expressions in the cerebral cortex and cerebellum of experiment-naïve adolescent males as a potential contributor to variations in sensitivity to ethanol-induced hypnosis.
| METHODS

| Animals
Adult Long Evans rats were obtained from Charles River Laboratories (Wilmington, MA). Upon arrival, they were pair-housed in standard Plexiglas cages (22 × 23 × 45 cm) with wood shavings as bedding and allowed to habituate for 2 weeks in our colony before mating. The colony was maintained at a controlled temperature (22 ± 1°C). These adult animals were mated to produce the subjects that were used in these experiments. A male and two females were housed together for 7 days, after which, the male was separated from the females while the females remained pair-housed for another 7 days. Females were then single-caged until they gave birth. The colony room was maintained in a 10-14 hr light-dark cycle with lights on at 0900 hr. The date of birth was recorded as Postnatal PND 0. No environmental enrichment or nesting material was provided as this has been previously reported to reverse certain long-lasting effects of early-life experiences (Francis, Diorio, Plotsky, & Meaney, 2002) . Except during experiments, food and water were available ad libitum. All experiments were conducted in compliance with the National Institute of Health guidelines for laboratory animal use and protocols were approved by the Institutional Animal Care and Use Committee at Binghamton University.
| Maternal care observation
Each dam was observed for maternal care behavior, which was scored, every 3 min, for 75 min (25 scores) in each of the five daily sessions from PND 1 through PND 6 totaling to 750 (5 sessions × 25 scores for 6 days) observations per litter. Licking and grooming (LG) was scored by well-trained observers as initially described by Myers, Brunelli, Shair, Squire, & Hofer (1989) and adapted by our laboratory as previously reported (Borrow et al., 2013; Popoola et al., 2015; Prior, Meaney, & Cameron, 2013) . Daily observation sessions occurred three times during the light cycle (1030, 1300, and 1700 hr) and twice during the dark cycle (0700 and 2000 hr).
Among maternal care behaviors that were observed, phenotypes were classified in this study based on LG because variations in LG has been found to be more profoundly associated with neural, endocrine, and behavioral development as compared to other behaviors (Champagne et al., 2003; Levine, 1994; Uriarte, Breigeiron, Benetti, Rosa, & Lucion, 2007) . Moreover, LG behavior has also been reported to be most variable across litters compared to other behaviors (Pettersson et al., 1990 ). Dams were classified by comparing their LG frequency scores (averaged across observations) to the cohort average as previously described (Champagne et al., 2003) . Litters with LG frequency scores greater or less than one standard deviation from the cohort mean were classified as High-or Low-LG litters, respectively. Litters were neither culled nor sexed, and were left undisturbed until PND 7. At weaning on PND 21, pups were sexed and same-sex siblings were pair-housed in standard sized Plexiglas cages (22 × 23 × 45 cm) with wood shavings as bedding in a holding room maintained on a 12-12 hr light-dark cycle.
Light-on was at midnight except for ethanol consumption studies when light-on was at 0800 hr. Like the dams, pups were not provided with environmental enrichment but had ad libitum access to food and water.
No more than two animals per sex and per litter were used in each treatment group.
| Monitoring female estrous cycle
To monitor the female estrous cycle for Experiment 1, vaginal lavage was conducted by flushing the vagina with saline (0.9% sodium chloride in water) via a dropper glass pipette inserted into the vagina, and collecting the flush as previously described (Borrow & Cameron, 2017) . The flush was transferred to a microscope slide and observed under light microscope with 10× objective for cellular populations that characterize the four estrous cycle stages in rats (i.e., proestrus, estrus, metestrus, and diestrus) (Marcondes, Bianchi, & Tanno, 2002) . The vaginal lavage procedure took approximately 3-5 s per rat and was conducted between 0800 and 0900 hr daily.
| Two-bottle choice test for ethanol consumption and preference ratio
Twenty-two male and sixteen female adolescent rats were tested for ethanol consumption and preference ratio using the intermittent twobottle choice with faded sucrose paradigm. Testing started on approximately PND 29-35, with age-at-onset similarly distributed between groups. Animals underwent a total of twelve 18-hr drinking sessions (1500-0900 hr the next day) that occurred three times a week (every other day with the weekend off) for 4 weeks. During each session, animals were single-housed in standard size cages and had ad libitum access to lab chow and two drinking bottles: one containing 5% (v/v) ethanol solution in water and the other containing water. The ethanol solution was sweetened with 1% sucrose during week 1 and 0.5% sucrose during week 2, while there was no sweetener during weeks 3 and 4. This faded sweetening paradigm was adapted from previous experiments (Fabio, Macchione, Nizhnikov, & Pautassi, 2015; Samson, 1986) , because it effectively enhances ethanol acceptance in rodent ethanol consumption models (Carnicella, Ron, & Barak, 2014; Samson, 1986; Simms et al., 2008) . Rats were weighed before every drinking session and drinking bottles were weighed before and after.
Ethanol consumed (g/kg) was calculated as follows: (ethanol solution consumed * 0.04) ÷ body weight. Ethanol preference-towater ratio (%) was calculated as follow: (weight of ethanol solution consumed ÷ total (water and ethanol) solution consumed) * 100.
| Loss of righting reflex test for sensitivity to ethanol-induced hypnosis
Seventy-three male and seventy-eight female adolescent rats were tested at PND 42 (mid adolescence) or PND 50 (late adolescence) for sensitivity to ethanol-induced hypnosis using the loss of righting reflex (LORR) paradigm as previously described (Nizhnikov, Popoola, & Cameron, 2016) .
Subjects received a 3.0 or 3.5 g/kg dose of 20% v/v ethanol solution in 0.9% saline via intraperitoneal (i.p.) administration. They were then observed in their cage until they lost the capacity to return to their four paws when placed on their backs (i.e., righting reflex). Subjects were then maintained on their backs in a v-shaped trough until they regained their righting reflex and demonstrated it three times within 60 s. The latency to LORR was defined as the duration between ethanol administration and LORR, while the duration between the loss and regaining of righting reflex was designated as the LORR duration.
Immediately following regaining of righting reflex, trunk blood was collected in an EDTA-coated vaccutainer (BD, Franklin Lakes, NJ).
Plasma was then separated from the blood by centrifugation at 4°C and 1500g for 15 min. Blood ethanol concentration (BEC) was analyzed using an AM1 alcohol analyzer (Analox Instruments, Lunenburg, MA).
| Hormone analyses and GABA A subunit expressions
We examined the potential contributions of GABA A receptor subunit expressions and dysregulation of the endocrine system, to differences in ethanol consumption and sensitivity to the hypnotic effect of ethanol, between High-and Low-LG adolescent male offspring.
| Testosterone analysis
Trunk blood was collected from 34 experiment-naïve adolescent male rats at either mid-adolescence (PND 42) or late-adolescence (PND 50) rat. Plasma was separated as described above and stored at −20°-C until further processing. Plasma testosterone levels were quantified by radioimmunoassay (RIA) using a Packard Cobra II Autogamma Counter (Perlin Elmer' Waltham, MA) and a 125I RIA double antibody kit obtained from MP Biomedicals, (Solon, OH) according to manufacturer instructions. The assay specificity was 100% and the inter-assay coefficient of variance was 6.99%.
| Corticosterone analysis
Plasma corticosterone levels were quantified directly from plasma, using corticosterone enzyme-linked immunosorbent assay (ELISA) kit (ADI-900-097) purchased from ENZO Life Sciences, Inc. (Farmingdale, NY) and according to the manufacturer's instructions. The intra-assay and interassay coefficients of variance were 7.71% and 13.18%, respectively.
| Progesterone analysis
Plasma progesterone levels were quantified using a125I RIA double antibody kit obtained from MP Biomedicals (Solon, OH) with a specificity of 100%. The inter-assay coefficient of variance was 5.54%.
| Western blot analysis
Brains were collected from previously undisturbed late-adolescence (PND 50) rats, flash frozen in 2-methyl butane (Sigma-Aldrich, St.
Louis, MO) on dry ice immediately after collection and stored at −80°C until micro-dissection. Using L.W. Swanson's atlas (3rd Edition, Elsevier Inc., 2004) as a guide, the somatosensory cortex, and cerebellum were dissected from the harvested brains at −20°C using a cryostat (Leica Biosystems, Buffalo Grove, IL). Due to the small size of the somatomotor area of the cerebral cortex harvested, only wholecell homogenate was prepared from the cerebro-cortical tissue.
However, because of the relatively larger size of the cerebellum onehalf of the cerebellum was used for the whole-cell fraction, while synaptosomal fraction was prepared from the other half of the cerebellum. The synaptosomal fraction consisted of the neuronal membrane located at the synaptic bouton, thus allowing for the analysis of receptor composition at the synapse. This fraction contains both synaptic and extrasynaptic membrane components (Whittaker, Michaelson, & Kirkland, 1963 , 1994 To prepare a whole cell homogenate, the tissue sample was homogenized with an XL-2000 series sonicator (Qsonica LLC, Newtown, CT) in homogenization buffer (10 g Sodium dodecyl sulfate (SDS), 2 ml 0.5M EDTA, 10 ml 1M Tris, and 1L dH 2 O) five times for 10 s with a minimum of 15 min intervals. Synaptosomal fractions were prepared as previously described (Santerre, Gigante, Landin, & Werner, 2014) . Briefly, tissue was gently homogenized in an isotonic glucose solution (0.1 glucose in 1 ml PBS solution), followed by centrifugation at 1000g for 20 min. The supernatant was collected and spun at 12,000g for 20 min and the precipitate, which is the synaptosomal fraction, was re-suspended in 500 µl of PBS for approximately 30 sec. The protein content of each sample homogenate was quantified using a Pierce Bicinchoninic acid (BCA) protein assay kit (Thermoscientific, Rockford, IL) according to manufacturer's instructions. Subsequently, 50 ug of protein per sample were loaded into precast tris-glycine electrophoresis gels (Invitrogen, Carlsbad, CA) and run for 120-150 min at 125 V and 500 mA. Proteins were transferred onto a polyvinyl difluoride (PVDF) membrane (included in the kit) for 7 min, using the iBlot gel dry-transfer equipment and transfer kit (Invitrogen, Carlsbad, CA). Membranes were blocked overnight in ∼10 ml of bovine serum albumin (BSA) (1 g BSA per 100 ml TBS-1% Tween) and probed with anti-GABA A receptor α1 and δ (Novus Biologicals, Littleton, CO) subunit proteins primary antibodies (α1-1:1,000 and δ-1:500). Membranes were subsequently incubated in goat anti-rabbit (1:7,500) secondary antibody (Thermoscientific, Waltham, MA). Protein bands were detected with enhanced chemiluminescence (GE Healthcare, Piscataway, NJ) and visualized by exposure to photographic film (Bioexpress, Kaysville, UT). β-actin (1:10,000; Millipore, Lake Temecula, CA) was used to control for equivalent protein quantity loading across gel wells and samples. Antibodies were diluted in blocking buffer. 
| Statistical analysis
Ethanol consumption and preference-to-water ratio were analyzed by repeated measure ANOVA in three intake stages based on changes in the sweetener concentration of the ethanol solution (i.e., week 1 [1% sucrose], week 2 [0.5% sucrose], and week 3-4 [0% sucrose]). To examine estrous cycle-related variation in ethanol consumption and preferenceto-water ratio, females' ethanol consumption and preference-to-water ratio at each estrous cycle stage across the 4-week testing period were averaged within subjects. These data were then analyzed using a repeated measure one-way ANOVA. Sensitivity to ethanol-induced LORR and BEC at awakening were analyzed using three-way (maternal care group X age X ethanol dose) fixed factor ANOVA. This study aimed at examining age-dependent emergence of maternal care-mediated differences in ethanol sensitivity. Therefore, a follow-up one-way ANOVA within age for each ethanol dose was performed when the three-way ANOVA revealed significant effects and/or interactions.
Similarly, plasma testosterone, progesterone, and corticosterone levels were analyzed using two-way ANOVAs (maternal care group × age), followed by one-way ANOVAs at each age. Additionally, pairwise Pearson's correlation analyses were conducted between progesterone, corticosterone, and testosterone within ages. GABA A receptor subunit expressions were analyzed within brain areas using one-way ANOVAs. A p-value less than 0.05 was considered significant, while a p-value less than 0.1 was reported as a trend toward significance. All analyses were conducted using SPSS (IBM, Armonk, NY) version 20. 
| Sensitivity to ethanol-Induced hypnosis
Acute ethanol-induced LORR duration was assessed in a different set of High-and Low-LG adolescent male offspring on PND 42 and PND 50 at 3.0 or 3.5 g/kg ethanol dose. A three-way ANOVA (2 phenotypes × 2 ages × 2 doses) revealed a significant main effect of phenotype (F (1, 63) = 6.397, p < 0.05) with shorter LORR duration in High-LG compared to Low-LG offspring, and dose (F (1, 63) = 29.437, p < 0.001) with greater LORR duration at 3.5 g/kg compared to 3.0 g/kg as expected. We also observed a trend toward a significant effect of age (F (1, 63) = 3.822, p = 0.056) with a tendency toward significantly higher LORR duration at PND 50 compared to PND 42. There was also a significant interaction between phenotype and age (F (1, 63) = 4.480, p < 0.5) and a tendency toward a significant interaction between phenotype and dose (F (1, 63) = 3.072, p = 0.09). Follow-up one-way ANOVAs within ages and doses revealed no significant effect of maternal care at PND 42 irrespective of dose. However, High-LG PND 50 males demonstrated significantly shorter LORR durations at both 3.0 g/kg (p < 0.01) and 3.5 g/kg (p < 0.05) ethanol doses compared to Low-LG males (see Figure 2) .
Analyses of BEC at awakening, using a three-way ANOVA, revealed a significant effect of age (F (1, 72) = 25.093, p < 0.001) with higher BECs at PND 50 compared to PND 42, and phenotype (F (1, 72) = 7.543, p < 0.01) with higher BECs in High-group versus Low-LG. A follow-up one-way FIGURE 1 Adolescent High-and Low-LG female 5% ethanol consumption (top left), 5% ethanol preference (bottom left), acute 3.0 or 3.5 g/kg ethanol induced LORR duration (top right), and blood ethanol concentration at awakening (bottom right). Data displayed as group Mean ± S.E.M. (*p < 0.05; **p < 0.01) (n = 8/group for ethanol consumption and preference; n = 8-12/group for LORR) FIGURE 2 Adolescent High-LG and Low-LG male 5% ethanol consumption (top left), 5% ethanol preference (bottom left), acute 3.0 or 3.5 g/kg ethanol induced LORR duration (top right), and blood ethanol concentration at awakening (bottom right). Data displayed as group Mean ± S.E.M. (*p < 0.05; **p < 0.01) (n = 10-12/group for ethanol consumption and preference; n = 8-10/group for LORR) ANOVA revealed that on PND 50, High-LG males had higher BECs than Low-LG males at 3.0 g/kg ethanol dose (p < 0.05) and a tendency toward higher BECs at 3.5 g/kg ethanol dose (p = 0.073) (see Figure 2 ).
| Experiment 3: Age-related effects of maternal care on endocrine function
| Corticosterone
A two-way ANOVA (2 phenotypes × 2 ages) revealed no significant effect of maternal care or age on adolescent male plasma corticosterone levels. However, there was a significant interaction between phenotype and age (F (1, 33) = 4.667, p < 0.05). This interaction was mediated by a significant main effect of phenotype at PND 50 (p < 0.01) with higher plasma corticosterone levels in Low-LG offspring compared to High-LG. Corticosterone levels at PND 42 were not different between phenotypes. Furthermore, plasma corticosterone levels were higher on PND 50 compared to PND 42 (F (1, 16) = 4.525, p = 0.05) in Low-LG offspring but did not differ between ages in High-
LG offspring (see Figure 3 ).
| Progesterone
A two-way ANOVA revealed no significant main effect of maternal care or age on adolescent male plasma progesterone levels, but there was a significant interaction between phenotype and age (F (1, 33) = 7.988, p < 0.01). This interaction was driven by a significant main effect of phenotype at PND 50 (F (1, 14) = 5.272, p < 0.05) with higher plasma progesterone levels in Low-LG offspring compared to High-LG. Plasma progesterone levels at PND 42 were not different between phenotypes.
Additionally, plasma progesterone levels were higher on PND 50 compared to PND 42 (F (1, 16) = 7.003, p < 0.05) in Low-LG offspring but did not differ between ages in High-LG offspring (see Figure 3) .
| Testosterone
A two-way ANOVA of adolescent male plasma testosterone levels revealed a significant main effect of age (F (1, 33) = 11.782, p < 0.01) with plasma testosterone levels significantly higher at PND 50 compared to PND 42. A follow-up one-way ANOVA revealed no significant main effect of maternal care on plasma testosterone levels or significant interaction between age and maternal care (see Figure 3) .
| Correlation analyses
We also assessed associations between male adolescent plasma levels of progesterone, corticosterone, and testosterone by conducting pairwise linear correlation analyses. We found a significant positive correlation between plasma corticosterone and progesterone levels at PND 50 (r = 0.698, p < 0.005). No additional significant correlations were observed (see Table 1 ).
| Experiment 4: Effects of maternal care on cerebral cortical and cerebellar GABA A receptor subunit expressions
We further assessed GABA A receptor α1 and δ subunit expressions within the cerebral cortex and cerebellum at PND 50 as these subunits and brain regions reportedly play important roles in modulating sensitivity to ethanol-induced hypnosis (Kumar et al., 2009 ).
| Cerebral cortex
A one-way ANOVA within the cerebral cortex revealed a significant effect of maternal care on α1 (F (1, 14) = 5.279, p < 0.05) and δ (F (1, 14) = 7.042, p < 0.05) subunit expressions. Both α1and δ subunits were expressed significantly more in Low-LG adolescent males compared to their High-LG counterparts (see Figure 4) .
| Cerebellum.
A one-way ANOVA in cerebellar whole-cell fractions revealed no significant differences in α1 or δ subunit expressions. However, there were significant differences in both α1 (F (1, 14) = 7.907, p < 0.05) and δ (F (1, 14) = 6.25, p < 0.05) subunit expressions in synaptosomal fractions. These significant differences were due to greater synaptic α1 and δ subunit expressions in High-LG compared to Low-LG male rats (see 
| DISCUSSION
This study investigated the associations between natural variations in early-life maternal care, measured by LG frequency, and patterns of ethanol consumption and ethanol sensitivity during adolescence. We hypothesized that Low-LG would result in increased adolescent ethanol consumption, and would modulate sensitivity to ethanol-induced hypnosis. Surprisingly, we found no significant LG-related differences in ethanol consumption or preference-to-water ratio. However, Low-LG males and females were more sensitive to ethanol-induced hypnosis during late-but not mid-adolescence at both doses tested. We also hypothesized that natural variations in LG-related differences in sensitivity to ethanol-induced hypnosis may be associated with differences in plasma gonadal hormone levels and GABA A receptor subunit expressions, as these have been shown to be influenced by LG (Caldji et al., 2003; . Hence, we measured adolescent plasma steroids and brain GABA A receptor protein subunits expression in experiment-naïve males. Baseline plasma progesterone and corticosterone levels were positively correlated and both were higher in Low-LG compared to High-LG males during lateadolescence but not mid-adolescence. Importantly, only Low-LG animals demonstrated a progesterone surge at late-adolescence compared to mid-adolescence. Baseline plasma testosterone surged at late-adolescence in both High-and Low-LG groups but did not differ between groups at either ages. Lastly, during late-adolescence, Low-LG males expressed more GABA A α1 and δ subunits in the cerebral cortex, but less in the cerebellar synaptosomal fraction compared to their High-
LG counterparts. Nevertheless, higher progesterone and corticosteroid plasma levels in Low-LG males may have influenced brain GABA A subunit expressions and contributed to an increase in sensitivity to ethanol-induced hypnosis in this phenotype.
| Ethanol consumption and preference
Consistent with existing experimental evidence suggesting that maternal deprivation does not influence adolescent's ethanol consumption (Daoura, Haaker, & Nylander, 2011; Lancaster, 1998; Peñasco, Mela, López-Moreno, Viveros, & Marco, 2015) , we found that natural variation in maternal-LG is not associated with ethanol consumption patterns in adolescent rats. However, some studies have reported associations between early-life maternal separation and increased ethanol consumption in male rodents. For example, some studies conducted with male mice reported increased oral ethanol self-administration, as well as lever pressing for ethanol (Cruz, Quadros, da Planeta, & Miczek, 2008; García-Gutiérrez et al., 2016) in adolescence, following early-life maternal separation. Genetic-related differences in species (mice vs. rats) may, at least in part, explain the inconsistence between these mice studies and ours (see Leeman et al., 2010 for review; Rhodes, Best, Belknap, Finn, & Crabbe, 2005; Yoneyama, Crabbe, Ford, Murillo, & Finn, 2008) . Differences in consumption assessment paradigms between studies may also constitute an additional source of variation between our findings in males and certain previously published reports. Operant self-administration as employed in the mice studies (Cruz et al., 2008; García-Gutiérrez et al., 2016 ) measures motivation (June & Gilpin, 2010) , while our two-bottle choice paradigm better measures ethanol preference (Rhodes et al., 2005) . Moreover, a previous study (Hulin, Amato, Porter, Filipeanu, & Winsauer, 2011) reported that the two paradigms, (i.e., ethanol selfadministration in the home cage versus operant chamber), produced very different ethanol intake patterns. Nevertheless, our results corroborate some existing results suggesting that reduced maternal care may not affect adolescent ethanol consumption and preference in rats.
| Age-dependent ethanol-induced hypnosis
Herein, we also report increased ethanol-induced sensitivity to hypnosis in low maternal LG recipients during late-but not midadolescence. The impact of early-life environment on alcohol-induced behaviors is currently receiving increased attention (Fernandez et al., 2014; Pautassi, Nizhnikov, Fabio, & Spear, 2012 see Sinha, 2008 for review). Our observation is consistent with previously reported greater sensitivity to ethanol-induced locomotor activation (at 1.25 g/kg dose) and motor suppression (at 2.5 g/kg dose) in maternal deprived rats (Fernandez et al., 2014) . Additionally, increased sensitivity to the rewarding and locomotor-related effects of other drugs such as methamphetamine (Hensleigh & Pritchard, 2014; Pritchard, Hensleigh, & Lynch, 2012) , cocaine (Gracia-Rubio et al., 2016; Kikusui, Faccidomo, & Miczek, 2005) , and nicotine (Dalaveri, Nakhaee, Esmaeilpour, Mahani, & Sheibani, 2017) have all been associated with maternal deprivation. However, Pautassi and colleagues (Pautassi et al., 2012) found no effect of maternal deprivation on ethanol-induced locomotion plausibly due to the complications associated with the Maternal Separation (MS) model (see Nylander & Roman, 2013 for detailed review of the MS model). Therefore, our findings corroborate and extend existing evidence that low early-life maternal care may be associated with increased sensitivity to motor-related drug effects, particularly ethanol-induced hypnosis.
Based on existing evidence (Naassila et al., 2002; Thiele et al., 2000) , we expected maternal care to modulate both ethanolinduced hypnosis and ethanol intake-behaviors. Yet, only ethanolinduced hypnosis was affected. This unexpected finding reflects the distinction between the mechanisms mediating the two behaviors.
Ethanol's neurobehavioral effects differ by dose, blood concentration, and brain area (Gessa, Muntoni, Collu, Vargiu, & Mereu, 1985; Quintanilla, 1999; see Wallner, Hanchar, & Olsen, 2006 for review).
Moreover, the effects of maternal care vary by brain area (Caldji et al., 2003) . Therefore, the possibility that variations in maternal care differentially altered brain areas mediating ethanol consumption and ethanol-induced hypnosis could explain why the previously reported concordance between ethanol consumption and sensitivity to ethanol-induced hypnosis was not found in our study.
The late adolescence emergence of LG-related differences in sensitivity to ethanol-induced hypnosis between High-and Low-LG groups was also interesting. The consequences of variations in early-life maternal care are not always delayed until late adolescence (Fernandez et al., 2014; Pautassi et al., 2012; Pena, Neugut, Calarco, & Champagne, 2014; Pena, Neugut, & Champagne, 2013) , although some effects are (Holland, Ganguly, Potter, Chartoff, & Brenhouse, 2014; Kaufman et al., 2007; Tsuda, Yamaguchi, & Ogawa, 2011) . Such delay may be due to the contributions of peri-adolescent endocrine-related changes as we discuss in more detail below. Therefore, our study corroborates and extends existing evidence that certain behavioral differences that are associated with natural variations in maternal care may emerge in lateadolescence as do some endocrine hormones.
| Adolescent male hormone levels
A surge in hormone and neuroactive steroid levels is characteristic of transitioning from adolescence to adulthood (Grota, 1971; Sisk & Zehr, 2005; Vetter-O'Hagen & Spear, 2012) . We and others have already demonstrated that early-life environmental factors alter the timing of the hormonal surge and their associated physiological characteristics, such as menarche and vaginal opening in female rats (Allsworth, Weitzen, & Boardman, 2005; Borrow et al., 2013; see Cameron, 2011 for review ; Foster, Hagan, & Brooks-Gunn, 2008) . However, the effect of maternal care on adolescent male hormonal changes has not been previously characterized. Therefore, in this study we only investigated changes in plasma steroid levels associated with variation in maternal
LG frequency in adolescent males. Hence, the present study is the first to show greater plasma progesterone and corticosterone levels in male rats at PND 50 compared to PND 42 in the Low-LG group, but not the High-LG. Early-life stress accelerates the development of adult-like neurobehavioral characteristics (Bath, Manzano-Nieves, & Goodwill, 2016; Callaghan & Richardson, 2014; Gee et al., 2013) . It has been shown that reduced maternal care levels can be a stressor that can be ameliorated by increased tactile stimulation (stroking) similar to maternal LG (Chatterjee et al., 2007; Levy et al., 2003; Suchecki et al., 1993; van Oers, de Kloet, Whelan, & Levine, 1998) . Therefore, it is possible that lower levels of maternal care may also act as an earlylife stressor, as we observed an acceleration in the occurrence of periadolescent hormonal maturation.
We observed an increase in sensitivity to ethanol-induced hypnosis at PND 50 compared to PND 42 in the Low-LG group.
This corresponds with the finding that ethanol sensitivity increases as rats transition from adolescence to adulthood (Silveri & Spear, 1998) .
Also, steroid metabolites of corticosterone and progesterone positively modulate sensitivity to ethanol-induced hypnosis (see Helms et al., 2012 for review) . Therefore, higher sensitivity to ethanolinduced hypnosis in Low-compared to High-LG males on PND 50 can be attributed, at least in part, to the early surge in progesterone and corticosterone plasma levels in Low-LG, but not High-LG, males. In addition, we verified the previously reported positive correlation between progesterone and corticosterone (Andersen, Martins, D'Almeida, Bignotto, & Tufik, 2005; Hueston & Deak, 2014; Vetter-O'Hagen & Spear, 2012 ) that we found only in PND 50 male rats. While this positive correlation was expected, as corticosterone is synthesized from progesterone (Helms et al., 2012) , our study further suggests that this correlation is established late in adolescence.
Surprisingly, there was no difference in plasma testosterone levels between Low-and High-LG groups on either PND 42 or 50, while both groups showed a significant testosterone increase across time as expected (Grota, 1971; Vetter-O'Hagen & Spear, 2012) . This implies that natural variations in maternal LG may not be associated with differences in baseline plasma testosterone levels at these ages.
Furthermore, testosterone levels did not correlate with either progesterone or corticosterone plasma levels on either PND 42 or 50, which validates existing reports (Andersen et al., 2005; Vetter-O'Hagen & Spear, 2012) . Moreover, while progesterone is a precursor for both testosterone and corticosterone, testosterone can be directly synthesized from pregnenolone, totally bypassing progesterone, unlike corticosterone (Helms et al., 2012) . Therefore, our results corroborate existing evidence of associations between early-life experiences and the timing of peri-adolescent progesterone and corticosterone surges.
Additionally, our results also suggest that testosterone may not be as influential as other steroids in modulating sensitivity to ethanol-induced hypnosis in adolescent male rats at the ages tested in the present study.
| Brain GABA A receptor subunit expressions
The GABA A system is a principal ethanol target in the brain that contributes significantly to mediating ethanol-induced hypnosis (Davies, 2003; Kumar et al., 2009 ) and the development of alcoholism (Enoch, 2008) . Maternal-LG is known to alter brain GABA A receptor subunits expressions (Caldji et al., 2003) . We were interested in the expression of GABA A α1 subunit due to several research findings that have associated the α1 subunit expression with variations in sensitivity to ethanolinduced hypnosis (Blednov, Jung et al., 2003; Blednov, Walker et al., 2003; Kumar et al., 2012) . We were also interested in δ subunit expression because it is mostly expressed in extrasynaptic GABA A receptors (Kumar et al., 2009) , which are primary sites at which neuroactive steroids modulate ethanol sensitivity (Helms et al., 2012) .
This study is the first to find increased cerebral-cortical, but decreased cerebellar (in the synaptosomal fraction), GABA A α1 and δ subunit protein expressions in Low-LG compared to High-LG males. This finding is consistent with previous reports of brain region-specific associations between maternal care and GABA A receptor subunit expression (Caldji, Diorio, Anisman, & Meaney, 2004; Caldji et al., 2003) . This finding also corroborates our recently reported association between increased cortical GABA A α1 and δ subunit expressions and increased sensitivity to ethanol-induced hypnosis (Popoola, Nizhnikov, & Cameron, 2017) . In addition, we revealed the first reported evidence of associations between variations in maternal care and GABA A receptor subunit expressions in brain regions that are associated with the execution and coordination of motor activity (Hanchar, Dodson, Olsen, Otis, & Wallner, 2005; Saeed, 2006) . This observation corroborates and extends previously reported associations between variations in maternal care and GABA A receptor subunit expressions in the limbic system (Caldji et al., 2004; Caldji et al., 2003; Hsu et al., 2003; León Rodríguez & Dueñas, 2013) .
Increased GABA A receptor subunit expressions in the cerebral cortex of Low-LG males, as we observed, suggest a positive relationship between GABA A receptor expression and sensitivity to ethanol-induced hypnosis Carlson, Bohnsack, Patel, & Morrow, 2016; Carlson, Kumar, Werner, Comerford, & Morrow, 2013; Kumar et al., 2012; Kumar et al., 2010) . The difference in GABA A receptor subunit expression between Low-and High-LG males may be related to differences in circulating steroid levels. Research has shown that corticosterone, progesterone, and progesterone metabolites modulate GABA A receptor gene expression and alter the expression of selective subunits (Orchinik, Weiland, & McEwen, 1994 . Nevertheless, these observed lower GABA A α1 and δ subunit expressions in the cerebellar synaptosomal fraction in the Low-LG group compared to the High-LG group, and the lack of a difference between groups in cerebellar whole-cell fraction, were unexpected. These expression patterns within the cerebellum suggest that while existing evidence implicates cerebellar GABAergic receptor expression in ethanol-induced locomotor activity (Hanchar et al., 2005; Saeed, 2006) , additional factors may contribute to determining sensitivity to ethanol-induced hypnosis.
Studies have reported that ethanol exposure increase the levels of progesterone metabolites allopregnanolone (VanDoren et al., 2000) and alter GABA A α1 subunit expression in the cerebral cortex (Kumar et al., 2012) . These ethanol-induced effects have further been reported to modulate ethanol-induced hypnosis (Kumar et al., 2012; VanDoren et al., 2000) . There may be some differences in ethanol effects on both the brain and endocrine system that we have not identified in our animal model as our tissue and plasma were collected in experiment-naïve animals. These ethanol-induced effects could have impacted sensitivity to ethanol-induced hypnosis. Therefore, future experiments should investigate LG-related differences in hormonal levels and GABA A receptor subunit expressions following ethanol challenge as potential factors contributing to LG-related differences in sensitivity to ethanol-induced hypnosis.
| Study limitations
Despite the important findings of this study, it has certain limitations.
We did not examine how manipulating maternal care would impact our observed LG-related behavioral and molecular differences, and thus we cannot conclude that variations in maternal care was solely responsible for such behavioral and molecular differences. Hence, this study only suggests an association between variations in LG and differences in sensitivity to ethanol-induced hypnosis but does not reveal a causal relationship. In addition, this study examined associations between maternal care and both hormonal levels and GABA A receptor subunit protein expressions only in males while the behavioral assessments were in both sexes. We primarily focused on males in this study because we have previously examined LG-related differences in hormonal regulation, GABA A receptor expression and their behavioral, as well as physiological implications in female rats POPOOLA AND CAMERON | 389 (Borrow et al., 2013; Borrow & Cameron, 2017; Cameron, 2011; . Nevertheless, the GABA A receptor protein subunits expression in the cerebellum in females, has not yet been investigated and constitutes a limitation of the present study.
Lastly, the analysis of GABA A receptor subunit expressions in the entire cerebellum in the present study lacked specificity with respect to cerebellar sub-regions. Future investigations should focus on protein expressions within targeted cerebellar sub-regions and cell types that play specific roles in ethanol-induced motor activity.
| CONCLUSION
This study demonstrates that in rats, sensitivity to ethanol-induced hypnosis is associated with natural variations in maternal-LG frequency in both sexes during late adolescence. Interestingly, this effect on sensitivity to ethanol-induced hypnosis was not correlated with variations in ethanol intake, suggesting that the two behaviors are mediated by independent systems. We also revealed that progesterone and corticosterone surged in Low-LG but not High-LG male rats at PND 50, which may contribute to the increased sensitivity to ethanol-induced hypnosis in the Low-LG group at this age. Lastly, we revealed novel brain-region specific associations between variations in maternal-LG frequency and GABA A receptor subunit expressions in regions that are associated with motor activity and in patterns that partly corroborate group differences in sensitivity to ethanol-induced hypnosis. Collectively, these findings provide a novel insight into the potential regulatory impact of early-life maternal care on sensitivity to ethanol-induced hypnosis and the neurophysiological factors that may mediate such impact in males. In addition, our findings emphasize a need to consider natural variations in maternal care in research when possible, as it could underlie significant variability in neurobehavioral observations.
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